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Introduction

Photocatalysts are nowadays increasingly used to treat environmental problems, in particular excessive discharges of industrial waste water. Industrial wastewater is often loaded with traces of toxic metal ions (e.g., Cr(VI), Cd(II), As(V)), Hg(II)) as well as with harmful organic pollutants (e.g., organic dyes, polychlorinated biphenyls, phenol ) at the same time [START_REF] Liu | Adsorption of Pb 2+ , Cd 2+ , Cu 2+ and Cr 3+ onto titanate nanotubes: Competition and effect of inorganic ions[END_REF][START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF][START_REF] Bai | Synergy removal of Cr (VI) and organic pollutants over RP-MoS2/rGO photocatalyst[END_REF]. Among the metal ions, hexavalent chromium, Cr(VI), is a highly toxic and nonbiodegradable pollutant, which can cause different health problems such as cancer pulmonary congestions, and liver damage. Owing to its high toxicity, Cr(VI) has been classified as a priority pollutant by the United States Environmental Protection Agency (USEPA) and many other countries [START_REF] Testa | Litter, Heterogeneous Photocatalytic Reduction of Chromium(VI) over TiO2[END_REF][START_REF] Nanda | Fabrication of mesoporous CuO/ZrO2-MCM-41 nanocomposites for photocatalytic reduction of Cr(VI)[END_REF]. Therefore, several methods have been developed for Cr(VI) removal, including ion exchange, chemical precipitation, adsorption and membrane separation techniques [START_REF] Deng | Application of porous N-methylimidazolium strongly basic anion exchange resins on Cr(VI) adsorption from electroplating wastewater[END_REF][START_REF] Abdullah | Recent trends of heavy metal removal from water/wastewater by membrane technologies[END_REF]. Currently, the reduction of Cr(VI) to Cr(III) using photocatalysis is considered to be the most promising approach, as it reduces the highly toxic Cr(VI) to less harmful Cr(III), a trace element necessary for human beings [START_REF] Deng | Insight into highly efficient simultaneous photocatalytic removal of Cr(VI) and 2,4-diclorophenol under visible light irradiation by phosphorus doped porous ultrathin g-C3N4 nanosheets from aqueous media: Performance and reaction mechanism[END_REF]. On the other hand, organic pollutants like phenolic compounds are major pollutants of the aquatic environment with carcinogenic and mutagenic characters, causing a risk to human health [START_REF] Lam | Enhanced sunlight photocatalytic performance over Nb2O5/ZnO nanorod composites and the mechanism study[END_REF][START_REF] Liu | Carbon nitride coupled Ti-SBA15 catalyst for visible-light-driven photocatalytic reduction of Cr(VI) and the synergistic oxidation of phenol[END_REF].

Hence, the development of catalysts for the simultaneous removal of organic pollutants and metal ions from wastewater represents an appealing approach. The strategy consists of using semiconductor catalysts, which upon light irradiation, the photogenerated electron-hole pairs are consumed separately in the corresponding oxidation and reduction half-reactions. This process not only prevents the recombination of the electron-hole pairs, but also improves the photocatalytic efficiency [START_REF] Sajjad | Bismuth-doped ordered mesoporous TiO2: Visible-light catalyst for simultaneous degradation of phenol and chromium[END_REF][START_REF] Wang | Recyclable nanoscale zero valent iron doped g-C3N4/MoS2 for efficient photocatalysis of RhB and Cr(VI) driven by visible light[END_REF].

Although semiconductors such TiO2, ZnO and their nanocomposites have been used for the simultaneous Cr(VI) reduction and phenol oxidation [START_REF] Sajjad | Bismuth-doped ordered mesoporous TiO2: Visible-light catalyst for simultaneous degradation of phenol and chromium[END_REF][START_REF] Sun | Visible Light Cr(VI) Reduction and Organic Chemical Oxidation by TiO2 Photocatalysis[END_REF][START_REF] Huang | The simultaneous photocatalytic degradation of phenol and reduction of Cr(VI) by TiO2/CNTs[END_REF][START_REF] Jin | Facile synthesis of porous single crystalline ZnO nanoplates and their application in photocatalytic reduction of Cr(VI) in the presence of phenol[END_REF], these photocatalytic processes have been conducted under UV light irradiation due to the wide band gaps of TiO2 and ZnO, which hinders their widespread application. To overcome this limitation and extend photocatalyst absorption to the visible range, coupling TiO2 with other semiconductor materials has been adopted as an effective strategy. For instance, TiO2/Co-g-C3N4 [START_REF] Zhou | Fabrication of TiO2/Co-g-C3N4 heterojunction catalyst and its photocatalytic performance[END_REF], TbxOy loaded TiO2-oriented nanosheets [START_REF] Lu | Enhanced photocatalytic degradation of aqueous phenol and Cr(VI) over visible-light-driven TbxOy loaded TiO2-oriented nanosheets[END_REF], N-doped TiO2-carbon composite fibres [START_REF] Zhang | Dual functional N doped TiO2 carbon composite fibers for efficient removal of water pollutants[END_REF], Cu-doped TiO2 nanoparticles modified with 8-hydroxyquinoline [START_REF] Zhang | Copper doping and organic sensitization enhance photocatalytic activity of titanium dioxide: Efficient degradation of phenol and tetrabromobisphenol A[END_REF], carbon nitride loaded into titanium incorporated SBA-15 mesoporous silica (Ti-SBA15-CN) [START_REF] Liu | Carbon nitride coupled Ti-SBA15 catalyst for visible-light-driven photocatalytic reduction of Cr(VI) and the synergistic oxidation of phenol[END_REF], and CdS/TiO2 [START_REF] Deng | A structural engineering-inspired CdS based composite for photocatalytic remediation of organic pollutant and hexavalent chromium[END_REF] have been successfully applied for simultaneous removal of metal ions and organic pollutants. For a more efficient use of visible light, various narrow-band gap semiconductor photocatalysts, such as BiVO4 [START_REF] Xie | Simultaneous photocatalytic reduction of Cr(VI) and oxidation of phenol over monoclinic BiVO4 under visible light irradiation[END_REF], bismuth oxyiodide/reduced graphene oxide/bismuth sulphide (BiOI/rGO/Bi2S3) [START_REF] Chen | Simultaneous removal of Cr(VI) and phenol contaminants using Z-scheme bismuth oxyiodide/reduced graphene oxide/bismuth sulfide system under visible-light irradiation[END_REF], PANI-sensitized g-C3N4/ZnFe2O4 heterostructure [START_REF] Patnaik | Enhanced photo catalytic reduction of Cr (VI) over polymer-sensitized g-C3N4/ZnFe2O4 and its synergism with phenol oxidation under visible light irradiation[END_REF] 2O3 -Bi2O2CO3 composite [START_REF] Wang | Fabrication of b-phase AgI and Bi2O3 co-decorated Bi2O2CO3 heterojunctions with enhanced photocatalytic performance[END_REF], and Au-Pd nanoparticles loaded on g-C3N4/MCM-41 [START_REF] Patnaik | Bimetallic co-effect of Au-Pd alloyed nanoparticles on mesoporous silica modified g-C3N4 for single and simultaneous photocatalytic oxidation of phenol and reduction of hexavalent chromium[END_REF] have been investigated for this photochemical process. Nevertheless, it is well-established that some of these photocatalysts have certain disadvantages such as photo-corrosion and instability. Therefore, it is important to develop highly efficient and robust photocatalysts for the simultaneous treatment of mixed pollutants.

A huge effort has been devoted to the development of visible light photocatalysts to maximize the use of clean, safe and abundant solar energy. In recent years, transition metal dichalcogenide (TMD) nanostructures have drawn enormous attention, owing to their outstanding electronic and optical properties as well as their wide applications in different fields, including energy conversion devices, photocatalysis, photovoltaics, biosensors, etc. [START_REF] Goel | Synthesis and biomedical applications of copper sulfide nanoparticles: From sensors to theranostics[END_REF][START_REF] Van Der Stam | Prospects of Colloidal Copper Chalcogenide Nanocrystals[END_REF][START_REF] Zhao | Development of plasmonic semiconductor nanomaterials with copper chalcogenides for a future with sustainable energy materials[END_REF]. Among them, the non-toxic, cheap and p-type semiconductor copper sulphide (CuS) exhibits excellent luminescence and photochemical properties with a narrow band gap (1.2 . CuS can harvest efficiently photons in the visible absorption window and thus makes it an interesting semiconductor for photocatalytic processes [START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF][START_REF] Estrada | An ionic liquid route to prepare copper sulphide nanocrystals aiming at photocatalytic applications[END_REF]. However, the catalytic activity of CuS is not satisfactory due to its poor absorption and low separation efficiency of photogenerated electron-hole pairs along with its anti-photo-corrosion stability. Therefore, improving the photo-activity and photostability of CuS remains a challenge and a priority for practical application in the environmental field [START_REF] Nie | A one-pot and in situ synthesis of CuS-graphene nanosheet composites with enhanced peroxidase-like catalytic activity[END_REF][START_REF] Zhao | Fabrication of a CuS/graphene nanocomposite modified electrode and its application for electrochemical determination of esculetin[END_REF].

Graphene-based materials have received a great deal of attention. Currently, constructing heterostructures between semiconductors and graphene can reduce the possibility of electronhole pair recombination to further improve the photocatalytic performance [START_REF] Ye | Facile one-pot solvothermal method to synthesize sheet-on-sheet reduced graphene oxide (RGO)/ZnIn2S4 nanocomposites with superior photocatalytic performance[END_REF][START_REF] Kusiak--Kozar | Graphene oxide-TiO2 and reduced graphene oxide-TiO2 nanocomposites: Insight in charge-carrier lifetime measurements[END_REF]. Due to the presence of electronic interactions and the charge equilibrium between semiconductor materials and graphene sheets, the potential of the conduction band of the materials is reduced, resulting in an increase in the photoinduced electron migration efficiency and a negative shift in the Fermi level of the materials [START_REF] Hu | Synthesis of flowerlike CuS/reduced graphene oxide (RGO) composites with significantly enhanced photocatalytic performance[END_REF][START_REF] Ding | Design of hierarchical CuS/graphene architectures with enhanced lithium storage capability[END_REF]. In addition, graphene acting as a carrier could enhance the degree of dispersion of the original samples to provide more reactive sites, which would lead to increased photocatalytic activity [START_REF] Hu | Synthesis of flowerlike CuS/reduced graphene oxide (RGO) composites with significantly enhanced photocatalytic performance[END_REF].

In the present study, we report a facile and practical strategy for the synthesis of reduced graphene oxide-copper sulphide (rGO-CuS) composites by a one-step hydrothermal approach.

Their catalytic activities are systematically investigated for the simultaneous photocatalytic reduction of Cr(VI) and oxidation of phenol to seek enhanced performance. In order to better understand the synergistic effect between Cr(VI) reduction and oxidation of phenol, systematic experiments were performed, including control experiments to reveal the roles of Cr(VI), phenol and rGO-CuS in the oxidation and reduction processes. The effects of the initial concentration of the substrates, pH and active oxygen species in the degradation process were investigated experimentally and the photocatalytic degradation mechanism was therefore proposed.

Experimental section 2.1. Synthesis of catalysts

The preparation of the rGO-CuS nanocomposites (2rGO-CuS, rGO-CuS and rGO-2CuS) was carried out by an easy hydrothermal method in a one-step process. To 40 mL of Milli-Q (MQ) water was added 40 mg of graphene oxide (GO) powder. A homogeneous solution was prepared by ultrasonic (464 W, 35 Hz) irradiation for 2 h. To this solution was added 20, 40 or 80 mg of copper sulphate (CuSO4) under magnetic stirring to obtain a solution (a). Then 25 mg of thiourea was dissolved in 25 mL of MQ water to obtain a solution (b). Solutions (a) and (b)

were mixed together and transferred into a 100 mL Teflon-lined autoclave and heated at 110 °C for 14 h. The suspensions of the obtained mixtures 2rGO-CuS, rGO-CuS and rGO-2CuS were centrifuged at 8000 rpm for 20 min for efficient separation from supernatant, washed repeatedly with MQ water and ethanol, and finally dried in a vacuum oven at room temperature For comparison, the pure CuS was synthesized by the similar experimental process in absence of GO powder. Similarly, rGO was prepared in absence of CuS precursors under the same hydrothermal process.

Photocatalytic activity test

The photocatalytic activities of the products were tested for the reduction of Cr(VI) under visible light irradiation. For all photocatalytic tests, a 50 mL aqueous solution containing a certain amount of Cr(VI) (K2Cr2O7) and 0.5 g L 1 of the catalyst in absence or presence of phenol was prepared. The pH of the suspension was adjusted by using 0.1 M HCl or 0.1 M NaOH solution. The resulting suspension was ultrasonicated for 1 min and magnetically stirred for 0.5 h in the dark to ensure adsorption desorption equilibrium.

The aqueous solution was irradiated under stirring at room temperature in air through with a cut off filter ( > 420 nm, to suppress the light with wavelength shorter than 420 nm) using a visible fiber lamp (Spot Light Source 400 700 nm, L9566-03, Hamamatsu, Japan). The intensity of the light was measured using a PM600TM Laser Fiber Power Meter (Coherent Inc, USA) and was determined as being 0.4 W cm -2 . During the visible light irradiation, about 2 mL of the suspension was taken from the reaction cell at given time intervals, and then centrifuged to remove the photocatalyst particles. The concentration of Cr(VI) was determined by the diphenylcarbazide (DPC) method [START_REF] Jin | Facile synthesis of porous single crystalline ZnO nanoplates and their application in photocatalytic reduction of Cr(VI) in the presence of phenol[END_REF]. The absorbance of sample solutions was measured using UV vis spectrophotometry at 540 nm after full color development. The concentration of phenol was measured by a HPLC system. Additionally, the total Cr content was also determined by ICP-AES.

Hydroxyl radical ( OH) formation measurement

The formation of OH radicals in presence of rGO, CuS, 2rGO-CuS, rGO-CuS and rGO-2CuS under visible light illumination was monitored by using terephthalic acid (TA) as the fluorescence probe. It is known that TA reacts with OH in basic solution to generate 2hydroxylterephthalic acid (TAOH), which fluoresces at approximately 426 nm upon excitation at 312 nm [START_REF] Hirakawa | Properties of O2and OH formed in TiO2 aqueous suspensions by photocatalytic reaction and the influence of H2O2 and some ions[END_REF]. In a typical process, 0.5 g/L of nanocomposite were dispersed in an aqueous solution (3 mL) containing 5 × 10 4 M TA and 2 × 10 3 M NaOH in a spectrometric quartz cuvette. The mixed solution was stirred in the dark for 10 min. After irradiation under the visible light, the reaction solution was centrifuged to remove the sample particles. The filtrate was analyzed using a PL spectrophotometer.

Results and discussion

Characterization

The phase composition and crystal structure of the CuS and CuS-rGO nanocomposites were studied with X-ray diffraction (XRD) (Fig. 1 and Fig. S1). The presence of sharp diffraction peaks evidences that the as-obtained products are crystalline. The XRD patterns of CuS and CuS-rGO nanocomposites comprise several peaks at 10.8°, 21.7°, 27.1°, 27.6°, 29.2°, 31.7°, 32.7°, 38.8°, 43.2°, 44.3°, 47.8°, 52.7°, 57.1° and 59.3° ascribed to the (002), (004), (100), ( 101), ( 102), ( 103), ( 006), ( 105), ( 106), (008), ( 110), ( 108), ( 202) and (116) diffraction planes, respectively [START_REF] Swaidan | Colorimetric sensing of dopamine in beef meat using copper sulfide encapsulated within bovine serum albumin functionalized with copper phosphate (CuS-BSA-Cu3(PO4)2) nanoparticles[END_REF]. All the diffraction peaks can be perfectly indexed as hexagonal covellite CuS (space group: P63|mmc), which are in good agreement with the JCPDS no. 78-2391, with cell parameters a=3.796 Å and c=16.36 Å. The absence of GO diffraction peak and the appearance of broad diffraction peak at ~22.4° in the XRD patterns of CuS-rGO nanocomposites indicates the effective reduction of GO to rGO [START_REF] Saranya | A template-free facile approach for the synthesis of CuS rGO nanocomposites towards enhanced photocatalytic reduction of organic contaminants and textile effluents[END_REF]. The XRD patterns reveal that the products were devoid of any detectable impurities or any other phases. Moreover, the addition of GO did not affect the crystal orientation of the CuS nanocomposites.

Raman spectroscopy is a powerful and non-destructive technique for investigating the structural nature of carbon-based materials such as graphene [START_REF] Cherifi | PMS activation using reduced graphene oxide under sonication: Efficient metalfree catalytic system for the degradation of rhodamine B, bisphenol A, and tetracycline[END_REF][START_REF] Stankovich | Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide[END_REF]. Figure S2 depicts the Raman spectra of GO, rGO, CuS and rGO-CuS nanocomposites. The Raman spectrum of GO exhibits two main characteristic peaks, the D band at ~1368 cm -1 attributed to defects and disorder in the hexagonal graphitic layers, and the G band at ~1589 cm -1 ascribed to the vibration of sp 2 carbon atoms in the 2D hexagonal lattice. Similarly, the Raman spectrum of rGO comprises the characteristic D and G bands at respectively 1368 and 1589 cm -1 .

Meanwhile, the Raman spectrum of the CuS displays a strong and sharp band at ~468 cm -1 assigned to the S-S stretching mode of A1g symmetry of CuS with a hexagonal structure [START_REF] Zhan | Photoresponse of multi-walled carbon nanotube copper sulfide (MWNT CuS) hybrid nanostructures[END_REF][START_REF] Zhang | Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide Nanocomposites with Enhanced Photocatalytic Performance[END_REF]. For rGO-CuS nanocomposites, all the Raman spectra consist of the D and G bands of rGO along with the peak of CuS. It is important to notice a red-shift of the D and G bands to 1353 and 1584 cm 1 , respectively, indicating the high ability for recovery of the hexagonal network of carbon atom and the presence of charge transfer between rGO and CuS [START_REF] Zhang | Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide Nanocomposites with Enhanced Photocatalytic Performance[END_REF].

The intensity ratio of the D and G bands (ID/IG) for rGO-2CuS increases to 1.31 (Table S1), as compared to 0.85 recorded for GO. These observations further confirm the formation of new and smaller sp 2 domains and testifies the reduction of GO to rGO during the hydrothermal reaction [START_REF] Stankovich | Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide[END_REF]. The results are in good agreement with XRD patterns.

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were further performed to assess the mesoporous structure and morphology of CuS and rGO-2CuS nanocomposite. Figure 2a depicts the TEM image of rGO-2CuS nanocomposite. It can be seen that all rGO sheets are densely decorated with a large quantity of small nanoparticles, and the rGO sheets in the composite are made of a few layers of graphene sheets. A close look at these nanoparticles reveals that they are randomly distributed on the surface with size ranging from 20 to 30 nm, as shown in Figure 2c. The HRTEM image, conducted on the scattered nanosheets, is displayed in Figure 2b. The regular spacing of the clear lattice planes is hexagonal phase of CuS [START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF]. Furthermore, the selected area electron diffraction (SAED) pattern demonstrated the growth of single crystals of CuS (Fig. 2d). Thus, these results are in good agreement with XRD analysis.

In addition, the corresponding EDX plot is shown in Figure S3. It clearly confirms the presence of Cu, S, and C elements with an atomic ratio of elemental copper and sulfur of approximately 1:1 (other peaks originate from the substrate used). This result indicates that individual CuS nanoparticles are well anchored onto the graphene sheets during the hydrothermal synthesis and prevent the restacking of rGO sheets during the reduction process.

The chemical composition of the rGO-2CuS composite was further confirmed by X-ray photoelectron spectroscopy (XPS) analysis (Fig. S4). The XPS survey spectrum in Figure S4a clearly shows the peaks of Cu2p, S2p, O1s, and C1s [START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF][START_REF] Zhang | Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide Nanocomposites with Enhanced Photocatalytic Performance[END_REF]. The O1s and C1s originate from rGO.

Figure S4b displays the core level spectrum of the Cu2p, comprising two peaks at 933.75 and 953.54 eV, which can be appropriately curve-fitted with four bands. The peaks at 933.75 and 952.25 eV are assigned respectively to Cu2p3/2 and Cu2p1/2 of Cu + , while the peaks at 935.75 and 954.38 eV are attributed to the characteristic peaks of Cu2p3/2 and Cu2p1/2 of Cu 2+ , in accordance with the literature data [START_REF] Karikalan | Sonochemical synthesis of sulfur doped reduced graphene oxide supported CuS nanoparticles for the nonenzymatic glucose sensor applications[END_REF]. The Auger line of Cu (Cu LMM) at 568.4 eV is the typical binding energy value of CuS [START_REF] Zhang | Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide Nanocomposites with Enhanced Photocatalytic Performance[END_REF][START_REF] Ghijsen | Electronic structure of Cu2O and CuO[END_REF]. Also, the two weak shake-up satellite lines at 943.0 eV and 962.6 eV indicate the presence of the paramagnetic chemical state of Cu 2+ [START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF][START_REF] Zhang | Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide Nanocomposites with Enhanced Photocatalytic Performance[END_REF][START_REF] Ghijsen | Electronic structure of Cu2O and CuO[END_REF]. In the case of S2p region (Fig. S4c), the deconvolution of the S2p spectrum leads to two main doublets at (161.5, 163.8 eV) and (164.6, 165.4 eV), that are typical values for metal sulphides and can be attributed to sulphide and disulphide, respectively [START_REF] Karikalan | Sonochemical synthesis of sulfur doped reduced graphene oxide supported CuS nanoparticles for the nonenzymatic glucose sensor applications[END_REF]. Moreover, the peaks at (166.4, 168.13 eV) and (168.97, 170.11 eV) are assigned to polysulfides, sulfate or thiosulfate (SO4 or S2O3 ) due to some surface oxidation [START_REF] Karikalan | Sonochemical synthesis of sulfur doped reduced graphene oxide supported CuS nanoparticles for the nonenzymatic glucose sensor applications[END_REF]. The core level C1s spectrum of the rGO-2CuS composite can be curve-fitted with three Gaussian peaks (Fig. S4d). The peak centered at 284.4

eV is attributed to the conjugated sp 2 -type C=C bonding in graphitic structure and the other two peaks located at 285.0 and 288.7 eV are ascribed to C-C and C=O, respectively [START_REF] Cherifi | PMS activation using reduced graphene oxide under sonication: Efficient metalfree catalytic system for the degradation of rhodamine B, bisphenol A, and tetracycline[END_REF][START_REF] Yuan | Facile synthesis of CuS/rGO composite with enhanced electrochemical lithium-storage properties through microwave-assisted hydrothermal method[END_REF].

Overall, the XPS data suggest that rGO-2CuS is well formed.

Figure S5a displays the UV vis absorption spectra of the synthesized rGO, CuS and CuS-rGO composites dispersed in water. The rGO exhibits an absorption peak at 245 nm, which can be assigned to the -* transition of aromatic C-C bonds along with a band at 410 nm due to the n-* transition of C=O bonds [START_REF] Cherifi | PMS activation using reduced graphene oxide under sonication: Efficient metalfree catalytic system for the degradation of rhodamine B, bisphenol A, and tetracycline[END_REF]. The UV vis absorption spectrum of pure CuS displays a characteristic covellite CuS-like absorption band in the near-IR region due to inter-band transitions between valence and unoccupied states [START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF][START_REF] Zhang | Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide Nanocomposites with Enhanced Photocatalytic Performance[END_REF][START_REF] Yuan | Facile synthesis of CuS/rGO composite with enhanced electrochemical lithium-storage properties through microwave-assisted hydrothermal method[END_REF]. The strong absorption in the visible range holds promise for the potential application of CuS-based materials in photocatalytic processes. Following the introduction of rGO, the absorbance of rGO-CuS composites increased throughout the spectrum compared to the CuS sample as a result of the absorption effect of rGO and the quantum effect of CuS. Moreover, it can be seen that a larger blue absorption profile has occurred, which might be attributed to quantum confinement [START_REF] Zhao | Plasmonic Cu S Nanocrystals: Optical and Structural Properties of Copper-Deficient Copper(I) Sulfides[END_REF]. The optical band gap was calculated using Eq. ( 1) by plotting 2 vs.

g depends on the type of band gap of the semiconductor (for a direct gap, , while for an indirect band gap, ). A 2 vs.

gives a line whose interception on the energy axis corresponds to the energy band gap. According to the above equation and based on a direct transition, as shown in Fig. S5b, the calculated optical band gap of pure CuS was 2.13 eV. Upon hybridization with rGO, the optical band gap of rGO-CuS nanocomposites changed from 2.06 to 1.96 eV when GO content increased from 1 to 2. These band gaps are higher than the bulk value, which could be due to quantum confinement in the small crystalline CuS nanostructures. photoreduction was improved through hybridization with rGO. Indeed, it could be seen that the time for the complete reaction was reduced to 60 and 50 min in the presence of rGO-CuS and rGO-2CuS, respectively. This contrasts with 2rGO-CuS catalyst for which a decrease of the photocatalytic activity was observed (80% reduction after 70 min, as compared to 100% achieved by CuS alone under otherwise identical experimental conditions). This decreased activity can be ascribed to the reduced amount of CuS within 2rGO-CuS. All together, these findings suggest that the visible light-induced photocatalytic activity of CuS nanoparticles can be enhanced through hybridization with rGO, which is most likely due to increased efficiency of light absorption and enhanced electron-hole separation of rGO-CuS nanocomposites [START_REF] Lee | Highly photoactive, low bandgap TiO2 nanoparticles wrapped by graphene[END_REF].

Effect of light intensity

The influence of light intensity on Cr(VI) photoreduction process was investigated for light intensity ranging from 0.1 to 0.5 W/cm 2 (Fig. S6). It was found that the photoreduction kinetics were significantly affected by the light intensity; decreasing of the light intensity from 0.4 to 0.1 W/cm 2 led to a clear decrease of the reduction rate from 100 to 85% after 70 min. In contrast, increasing the light intensity to 0.5 W/cm 2 had no effect on Cr(VI) reduction rate. Therefore, the optimal irradiation intensity of visible light was fixed at 0.4 W/cm 2 .

Effect of pH on photoreduction of Cr(VI)

The pH of the solution is a critical parameter in the photocatalytic process. The reduction of Cr(VI) at different initial pH values is summarized in Figure S7. The kinetic of Cr(VI) photoreduction increased slightly after 50 min of visible light illumination upon decreasing the initial pH value from 5.8 (the pH of the initial solution) to 2.5, whereas only 66.3% and 33.7%

of Cr(VI) were photocatalytically removed at pH 7 and 8.5 within the same period, respectively.

The effect of the acidified pH is consistent with the reported results [START_REF] Liu | Carbon nitride coupled Ti-SBA15 catalyst for visible-light-driven photocatalytic reduction of Cr(VI) and the synergistic oxidation of phenol[END_REF][START_REF] Jin | Facile synthesis of porous single crystalline ZnO nanoplates and their application in photocatalytic reduction of Cr(VI) in the presence of phenol[END_REF].

The dominant chromium species in the solution at pH 2.5 is HCrO4 or Cr2O7 [START_REF] Nanda | Fabrication of mesoporous CuO/ZrO2-MCM-41 nanocomposites for photocatalytic reduction of Cr(VI)[END_REF][START_REF] Liu | Carbon nitride coupled Ti-SBA15 catalyst for visible-light-driven photocatalytic reduction of Cr(VI) and the synergistic oxidation of phenol[END_REF].

Under these conditions, the photocatalyst surface can be highly protonated and thus leads to a strong electrostatic attraction towards the main species in solution. The pH could significantly influence the reduction of Cr(VI) to Cr(III) and a decrease in pH could increase the reduction kinetics of Cr(VI) [START_REF] Nanda | Fabrication of mesoporous CuO/ZrO2-MCM-41 nanocomposites for photocatalytic reduction of Cr(VI)[END_REF][START_REF] Muñoz | TiO2 catalysed reduction of Cr(VI) in aqueous solutions under ultraviolet illumination[END_REF]. Moreover, Cr(III) could form Cr(OH)3 which could precipitate on the surface of the photocatalyst at high pH solution, covering the activity sites of the catalysts [START_REF] Deng | Insight into highly efficient simultaneous photocatalytic removal of Cr(VI) and 2,4-diclorophenol under visible light irradiation by phosphorus doped porous ultrathin g-C3N4 nanosheets from aqueous media: Performance and reaction mechanism[END_REF][START_REF] Muñoz | TiO2 catalysed reduction of Cr(VI) in aqueous solutions under ultraviolet illumination[END_REF].

Synergistic effect of phenol on Cr(VI) photoreduction

It has been previously reported in the literature that the coexistence of metal-organic pollutants may enhance the photocatalytic reduction of Cr(VI) [START_REF] Liu | Carbon nitride coupled Ti-SBA15 catalyst for visible-light-driven photocatalytic reduction of Cr(VI) and the synergistic oxidation of phenol[END_REF][START_REF] Wu | Photocatalytic reduction of Cr(VI) with TiO2 film under visible light[END_REF]. In this work, the influence of variable initial phenol concentration on the reduction of 20 mg/L Cr(VI) over rGO-2CuS (0.5 g/L) was investigated (Fig. 4a). In the presence of phenol, the complete photoreduction time of Cr(VI) was reduced from 50 to 20 min when the Cr(VI)/phenol ratio was increased to 1:2, suggesting that the presence of phenol could improve Cr(VI) removal by acting as a scavenger of photo-generated holes. It can be seen that upon increasing the Cr(VI)/phenol ratio to 1:3, the time required to reach full reduction of Cr(VI) increased. This is maybe due to an increase in intermediates adsorbed on the rGO-2CuS nanocomposite surface with the increase in phenol concentration, which could cover the active sites of the catalyst [START_REF] Jin | Facile synthesis of porous single crystalline ZnO nanoplates and their application in photocatalytic reduction of Cr(VI) in the presence of phenol[END_REF].

Effect of Cr(VI) on phenol photodegradation

To assess the influence of Cr(VI) on phenol degradation, an aqueous solution of phenol (20 g/L), rGO-2CuS (0.5 g/L) and Cr(VI) (10 g/L) was irradiated under visible light for different time intervals. It could be observed that the extent of phenol degradation also increased greatly until complete degradation after 20 min of irradiation, following the addition of phenol/Cr(VI)

(1:2), as shown in Figure 4b. Furthermore, the improvement of phenol degradation indicates that Cr(VI) is an efficient scavenger of photo-generated electrons, which is similar to the observation reported in the literature [START_REF] Lu | Visible light induced photocatalytic removal of Cr(VI) over TiO2-based nanosheets loaded with surfaceenriched CoOx nanoparticles and its synergism with phenol oxidation[END_REF][START_REF] Wang | Synergistic photocatalysis of Cr(VI) reduction and 4-chlorophenol degradation over -Fe2O3 under visible light irradiation[END_REF]. The results confirmed the synergistic effect between Cr(VI) reduction and phenol oxidation.

The performance of the developed photocatalyst is comparable to and even better than that achieved by the most photocatalysts described in the literature for the simultaneous Cr(VI) photoreduction and phenol degradation (Table S2).

Kinetic study

The modeling of the kinetic data with an appropriate kinetic model allows to determine the apparent rate constant and the order of reaction of the photocatalytic process. It is wellestablished that the rate (r) of a photocatalytic reaction for a single component can be defined using equation ( 2) [START_REF] Lu | Visible light induced photocatalytic removal of Cr(VI) over TiO2-based nanosheets loaded with surfaceenriched CoOx nanoparticles and its synergism with phenol oxidation[END_REF][START_REF] Peyman | A sharp jump in photocatalytic activity of elemental sulfur for dye degradation in alkaline solution[END_REF]:

(2) where C0 is the initial concentration, C is the concentration of reactant, t is time, k is the rate constant of reaction, and kapp is the apparent rate constant.

Although this pseudo first-order rate equation has been extensively used in the literature for modeling photocatalytic kinetic data, it is based on the Langmuir classical isothermal model, which assumes a homogeneous surface. However, the surface of a catalyst is rarely homogeneous and several studies have been carried out in this regard suggested the possibility to use modified Langmuir Freundlich isotherm (an isotherm for adsorption onto heterogeneous surface from liquid phase), Equation 3 [START_REF] Peyman | A sharp jump in photocatalytic activity of elemental sulfur for dye degradation in alkaline solution[END_REF].

where the plot of ln(C/C0) versus t should give a line with a app [cat] .

s introduced recently in refs. [START_REF] Peyman | A sharp jump in photocatalytic activity of elemental sulfur for dye degradation in alkaline solution[END_REF][START_REF] Burés | A simple graphical method to determine the order in catalyst[END_REF]. By plotting the normalized concentration (C/C0) versus normalized time scale (t

[cat] ) at different concentrations of catalyst, the reaction order can be determined.

To study the kinetics of the photoreduction of Cr(VI) and phenol, the curves of ln(C/C0) vs.

time were plotted at different conditions (Fig. S8). All plots are linear, confirming the pseudo first-order reaction under the investigated experimental conditions. The obtained values of kapp are summarized in Tables S3 andS4.

Analysis of by-products of Cr(VI) and phenol

In order to better understand the photocatalytic process, the total residual concentration of Cr ions after photocatalytic reduction was assessed by ICP-AES. The experiment was carried out by visible light irradiation of a mixture of Cr(VI) (20 mg/L), phenol (20 mg/L) and GO-2CuS (0.5 mg/L) at pH 5.8 (Fig. 5). After 20 min of irradiation, a concentration of 0.015 mg/L of residual Cr(VI) ions was measured. This is far below the maximum allowable concentrations of 0.25 mg/L for industrial wastewater and 0.05 mg/L for drinking water [START_REF] Liu | Adsorption of Pb 2+ , Cd 2+ , Cu 2+ and Cr 3+ onto titanate nanotubes: Competition and effect of inorganic ions[END_REF][START_REF] Lu | Visible light induced photocatalytic removal of Cr(VI) over TiO2-based nanosheets loaded with surfaceenriched CoOx nanoparticles and its synergism with phenol oxidation[END_REF][START_REF] Vinu | Kinetics of simultaneous photocatalytic degradation of phenolic compounds and reduction of Metal Ions with nano-TiO2[END_REF].

Furthermore, XPS analysis was used to study the chemical states of the Cr species adsorbed on the catalyst surface after the photoreaction (Fig. S9). In the high-resolution spectrum of the Cr2p, the peaks located at 586.9 and 576.7 eV corresponding respectively to the 2p3/2 and 2p1/2 orbitals are attributed to Cr(III) [START_REF] Nezar | Efficient reduction of Cr(VI) under visible light irradiation using CuS nanostructures[END_REF][START_REF] Tadjenant | Graphene oxide chemically reduced and functionalized with KOH-PEI for efficient Cr(VI) adsorption and reduction in acidic medium[END_REF]. These results also confirm that rGO-2CuS nanocomposite is not only capable of simultaneously reducing Cr(VI) and oxidizing phenol, but also of removing Cr ions by adsorption [START_REF] Liu | Carbon nitride coupled Ti-SBA15 catalyst for visible-light-driven photocatalytic reduction of Cr(VI) and the synergistic oxidation of phenol[END_REF][START_REF] Jin | Facile synthesis of porous single crystalline ZnO nanoplates and their application in photocatalytic reduction of Cr(VI) in the presence of phenol[END_REF].

To investigate further the mechanism of phenol degradation using rGO-2CuS nanocomposite, the generated intermediate products were identified using high-performance liquid chromatography (HPLC). The results of HPLC (Fig. S10) revealed that two main intermediates identified as hydroquinone (7.4 min) and 1,4-benzoquinone (10.9 min) were formed. Their identification by HPLC was done based on their retention time, as compared to standard chemicals (Fig. S11). These by-products are formed following OH radical addition to the benzenic ring of phenol to yield hydroquinone and its subsequent oxidation to 1,4benzoquinone. It is not excluded that other by-products, derived from the ring-opening such as short-chain acids, are also generated during the photochemical degradation of phenol over rGO-2CuS [START_REF] Lam | Enhanced sunlight photocatalytic performance over Nb2O5/ZnO nanorod composites and the mechanism study[END_REF]. However, the products derived from the opening of the benzene ring could not be identified by HPLC. Instead, approximately 95% of the phenol was mineralized in 20 min (Fig. S12), suggesting that the phenol was not only decomposed into small organic compounds, but even mineralized into inorganic carbonaceous forms.

Stability of rGO-2CuS photocatalyst

Durability plays a key role in photocatalysis. Therefore, the repeatability and stability of the photocatalyst were investigated. Figures S13 and S14 depict the performance of the recycled rGO-2CuS nanocomposite for the mixed Cr(VI)/phenol system under visible light irradiation.

The photocatalyst was recovered by centrifugation after each cycle to regenerate the photocatalyst and reused in the next cycle without any additional treatment. As can be observed, even after 5 photocatalytic cycles, the photoreduction efficiency of Cr(VI) and phenol oxidation were as high as 92% and 88%, respectively, and no significant loss of photocatalytic activity can be seen during the cycling experiments. Furthermore, to demonstrate the stability of the rGO-2CuS, XRD analysis of the used photocatalyst wa performed (data not shown). The results revealed that no significant changes took place in the XRD patterns before and after the cycling test, indicating that the catalyst exhibits good visible-light photocatalytic stability.

Mechanism of the photocatalytic activity

Figure 6 displays the photocatalytic conversion rates of Cr(VI) and phenol over rGO-2CuO in the presence of different radical scavengers under visible light (> 420 nm) irradiation for 20 min. For reaction under N2 ambient conditions, before the start of the experiments, the reaction solution was purged with high-purity N2 (> 99.999%) for 1 h to remove dissolved O2 as much as possible, and continued to purge N2 through the photocatalytic process. The recorded rates of Cr(VI) reduction (Fig. 6a) and phenol degradation (Fig. 6b) in the mixed reaction system were higher in ambient air than in ambient N2. This could be due to the major role of O2 in the photocatalytic reaction process, through the reaction of dissolved O2 with photogenerated electrons to produce the O2 / OOH superoxide radicals [START_REF] Deng | Insight into highly efficient simultaneous photocatalytic removal of Cr(VI) and 2,4-diclorophenol under visible light irradiation by phosphorus doped porous ultrathin g-C3N4 nanosheets from aqueous media: Performance and reaction mechanism[END_REF][START_REF] Wang | Synergistic photocatalysis of Cr(VI) reduction and 4-chlorophenol degradation over -Fe2O3 under visible light irradiation[END_REF]. In the case of Cr(VI) reduction, the suppression effect was more evident, it is ca. 60% Cr(VI) reduction after 40 min irradiation in N2 gas ambient compared with 100% reduction achieved in air after 20 min photoreaction.

This can be attributed to important roles of O2 in the photocatalytic reaction process. Besides, it has been reported that O2 can reduce Cr(VI) to Cr(III) [START_REF] Dong | Synthesis and enhanced Cr(VI) photoreduction property of formate anion containing graphitic carbon nitride[END_REF][START_REF] Hu | Simultaneous photocatalytic Cr(VI) reduction and 2,4,6-TCP oxidation over g-C3N4 under visible light irradiation[END_REF]. Thus, in this study, O2 may efficiency of phenol was decreased from 100% to 56% after 20 min visible light irradiation.

The result clearly indicates that the phenol degradation mainly relies on the photogenerated holes [START_REF] Deng | Insight into highly efficient simultaneous photocatalytic removal of Cr(VI) and 2,4-diclorophenol under visible light irradiation by phosphorus doped porous ultrathin g-C3N4 nanosheets from aqueous media: Performance and reaction mechanism[END_REF][START_REF] Chen | Novel magnetically separable reduced graphene oxide (RGO)/ZnFe2O4/Ag3PO4 nanocomposites for enhanced photocatalytic performance toward 2,4-dichlorophenol under visible light[END_REF]. It is also observed that the photodegradation efficiency in air is higher than that in ambient N2. This can be attributed to dissolved oxygen, which promotes oxidation. However, the effect of dissolved oxygen was not so obvious in the presence of EDTA-Na2, indicating that h + are the most important reactive species for phenol oxidation.

In the photocatalytic reaction, the hydroxyl radical ( OH) is considered to be the most important active group. Thus, a study of OH radical formation can provide a quantitative index to estimate the number of charge carriers actually implicated in phenol degradation. It is wellestablished that the terephthalic (TA) fluorescence method is a very sensitive technique used to detect the amount of OH produced and whose increase implies an improvement in photocatalytic efficiency. The method relies on the reaction of TA with OH to generate a fluorescent TAOH (maximum emission at ~426 nm) [START_REF] Hirakawa | Properties of O2and OH formed in TiO2 aqueous suspensions by photocatalytic reaction and the influence of H2O2 and some ions[END_REF][START_REF] Lu | Visible light induced photocatalytic removal of Cr(VI) over TiO2-based nanosheets loaded with surfaceenriched CoOx nanoparticles and its synergism with phenol oxidation[END_REF]. From Figure S15a, the rGO-2CuS nanocomposite showed a considerably higher amount of OH production than CuS. This outcome is in good accordance with the results of photodegradation of phenol.

From the results of the experiments, we suggest a plausible mechanism for the photocatalytic reduction of Cr(VI) and oxidation of phenol over rGO-2CuS. Under visible light irradiation, rGO-2CuS could generate electrons and holes. Following this, the electrons in the CB of the rGO-2CuS in the ambient air are scavenged by O2 to generate O2 and migrate to Cr(VI) to reduce it. Meanwhile, the photogenerated holes left behind in the VB could produce OH from H2O. H2O2 could be produced by superoxide radical and H + . Besides, O2 not only could induce organics oxidation, but also could promote the Cr(VI) reduction by a two-step O2 mediated indirect reduction process [START_REF] Dong | Synthesis and enhanced Cr(VI) photoreduction property of formate anion containing graphitic carbon nitride[END_REF]. In addition, due to the high oxidation efficiency of H2O2, its existence would inevitably lead to the oxidation of reduced chromium to Cr(VI).

The existence of H2O2 in the catalytic system was highlighted by the absorption peak of o-tolidine at 446 nm in the UV-vis spectrum [START_REF] Wang | Synergistic photocatalysis of Cr(VI) reduction and 4-chlorophenol degradation over -Fe2O3 under visible light irradiation[END_REF][START_REF] Liu | Metal-free efficient photocatalyst for stable visible water splitting via a two-electron pathway[END_REF]. From Figure S15b, as the intensity of the absorption peak decreases, the H2O2 content of the simple solution of Cr(VI) and phenol decreases compared to that of the water under visible light irradiation. In case the Cr(VI)/phenol combined system, almost no H2O2 could be observed, suggesting that phenol degradation could be effective in consuming H2O2 and inhibiting oxidation of the lower valence states of chromium to improve Cr(VI) reduction activity [START_REF] Wang | Synergistic photocatalysis of Cr(VI) reduction and 4-chlorophenol degradation over -Fe2O3 under visible light irradiation[END_REF]. Moreover, the photogenerated holes and various active oxidants, such as H2O2, OH and O2 , could oxidize phenol. During this photocatalytic reaction system, Cr(VI) acts as an electron acceptor, which can react with the photogenerated CB electrons; and meanwhile, phenol acts as an electron donor, which can react with the photoexcited holes. Both processes can enhance the separation rate of the photogenerated electron holes, resulting in much more CB electrons for Cr(VI) reduction and VB holes for phenol oxidation.

The above results show the synergistic effect of mixed Cr(VI)/phenol system. The generation of photogenerated electron-hole pairs, radicals and the reaction process can be summarized according to the following equations: Therefore, based on the results and analysis of the experiments, a plausible mechanism was proposed and illustrated in Figure 7.

hv rGO-2CuS + ( + ) (4) 
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also tend to reduce Cr(VI) during the photocatalytic reaction process. However, Cr(VI) can also be reduced in the absence of O2, as illustrated in Figure 6a. This indicates that CB electrons from rGO-2CuS also contribute to the reduction of Cr(VI). While the purging effect of N2 on phenol degradation is less obvious, suggesting that the phenol could be degraded by valence band (VB) holes when photogenerated electrons were scavenged by Cr(VI) in mixed Cr(VI)/phenol system. In the presence of Cr(VI), conduction band (CB) electron scavenging and electron-hole separation are enhanced, increasing the rate of phenol degradation, as shown in Figure 6b.

In Figure 6a, introduction of 1 mM EDTA-Na2, a hole scavenger, leads to a decrease in the photoreduction activity of Cr(VI). Furthermore, when the reaction process was carried out under N2 ambient, Cr(VI) reduction decreased to higher extent than in the presence of EDTA-Na2 only. This could be attributed to the decreased electron transportation of the O2/O2 mediated reduction in the absence of dissolved oxygen. Besides, it was previously reported that Cr(VI) could be reduced by either photogenerated electrons or other active species [START_REF] Dong | Synthesis and enhanced Cr(VI) photoreduction property of formate anion containing graphitic carbon nitride[END_REF][START_REF] Hu | Simultaneous photocatalytic Cr(VI) reduction and 2,4,6-TCP oxidation over g-C3N4 under visible light irradiation[END_REF].

The O2 is generated from the dissolved oxygen and photo-generated electrons of the rGO-2CuS under irradiation, and could then be transformed into H2O2 and/or hydroxyl radical ( OH) in water. Potentially, the O2/O2 mediator not only improves the electron transfer for CB to Cr(VI), but also promotes the formation of OH from H2O per photogenerated hole [START_REF] Dong | Synthesis and enhanced Cr(VI) photoreduction property of formate anion containing graphitic carbon nitride[END_REF].

In this study, in the event that the CB position of a semiconductor is more negative than the reduction potential of O2/O2 , trapping of photogenerated electrons with molecular oxygen is possible to produce O2 and the photocatalytic reduction is also enhanced by effective consumption of photogenerated holes in this mixed photocatalytic process [START_REF] Wang | Synergistic photocatalysis of Cr(VI) reduction and 4-chlorophenol degradation over -Fe2O3 under visible light irradiation[END_REF][START_REF] Dong | Synthesis and enhanced Cr(VI) photoreduction property of formate anion containing graphitic carbon nitride[END_REF].

The photocatalytic activity of phenol degradation with the addition of EDTA-Na2 was also examined (Fig. 6b). The results revealed that when EDTA-Na2 was introduced into the reaction system, it caused a rapid deactivation of the rGO-2CuS photocatalyst and the degradation